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Collagenase activity was measured quantitatively from normal human skin cultured on
radioactive, native, reconstituted collagen gels. A regional difference in enzyme activity
was demonstrated with skin from the scalp having a specific enzyme activity greater than
four-fold that of normal body skin. Isolated epidermis and dermis cultured separately re-
vealed that the major site of collagenase production in normal human skin is in the upper
or papillary portion of the dermis and that no enzyme activity can be detected in the lower
portions of the dermis. The epidermis shows only minimal collagenolytic activity which is
in marked contrast to the anuran tadpole where the tailfin epidermis is the major source of
collagenase. Freeze-thawing and puromycin blocks the appearance of collagenase in both
whole skin and isolated dermis suggesting that de novo synthesis of collagenase occurs
during the time of culture.
Under certain circumstances, such as in the healing wound edge, the epidermis is capable
of actively synthesizing collagenase and acts together with the underlying dermis to provide
an enzyme capable of specifically attacking the collagen molecule.
The isolation of a collagenolytie enzyme from
cultures of amphibian tissues provided fresh
insight into the mechanism of collagen degrada-
tion (1, 2) and stimulated a search for other
animal eollagenases. Specific collagenases have
now been isolated from the culture medium of
rat uterus (3), rheumatoid synovium (4), nor-
mal human skin (5) and human granuloeytes
(6).
The eollagenase from human skin is capable
of degrading collagen both in solution and in
the native fibrillar form at physiologic pH
and temperature (5). Its specificity of attack
on the collagen molecule is similar to that of
tadpole eollagenase. Previous investigations
have demonstrated that the tadpole enzyme is
synthesized de novo by epidermal cells and not
by the dermal mesenchyme and it was sug-
gested that eollagenase was actively involved in
connective tissue resorption in the metamor-
phosing tadpole tailfin (7).
The physiologic significance of human skin
collagenase and its relationship to collagen
degradation in normal skin, however, requires
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further elucidation. In view of the similar
mechanism of action of tadpole and human
skin enzymes, the present study was under-
taken to determine the distribution of coHn-
genase in normal human skin and the cell type
responsible for its production.
MATERIALs AND METHODS
Specimens of human skin were obtained under
sterile conditions either by surgical excision or,
following local anesthesia, by punch biopsy. Im-
mediately after excision the skin was placed in a
sterile vial containing Dulbecco's modified Eagle's
medium (Grand Island Biological Co.) containing
100 milligrams per liter of penicillin and strepto-
mycin and gassed with 95% 0r5% CO2. All pro-
cedures involved in the preparation of cultures
were done under sterile conditions. Complete
processing of tissue was accomplished within 30—45
minutes after excision, during which time the
specimens were maintained at room temperature.
Preporation of Cultures
Under a dissecting microscope the skin was
trimmed of subcutaneous fat and the lower 3 mm
of dermis. The tissue was then cut into pieces
approximately 2 mm in size, weighed, and washed
twice in Dulbeeco's modified Eagle's medium.
Detection and measurement of eollagenolytic
activity was accomplished by the sterile incuba-
tion of tissue fragments weighing approximately
10 to 15 mg on reconstituted collagen gels in
physiological salt solutions. Neutral-salt-extracted,
14C-labeled, guinea pig skin collagen was dissolved
from the lyophilized state in cold phosphate buffer
pH 7.6 P/2 = 0.4, centrifuged at high speed and
dialyzed at 4° against 0.4 M NaCl. Just prior to
use the collagen solutions were diluted to about
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0.05% protein and 0.15 M NaCI by the addition
of 3 volumes of cold modified mammalian
Tyrode's solution containing Eagle's amino
acids and vitamins. The mammalian Tyrode's
solution contains a reduced amount of NaCl; its
composition is as follows: NaC1, 2.87 gm, KC1, 200
mg, MgC12, 135 mg, NaHCO2, 1.35 gm, glucose,
2.0 gm, water to 1000 ml. The reconstituted col-
lagen substrate was prepared by warming 0.5 ml
of the radioactive collagen solution at 37° for
12—14 hours in Leighton tubes (7, 8). Several
preparations of purified neutral-salt extracted 14C
glycine-labelcd guinea pig skin collagen (specific
activity 8,200 cpm per mg and 22,000 counts per
minute per mg) were used for these experiments.
Cultures were routinely incubated at 37° in an
atmosphere containing 95% 02-5% CO2, and ob-
served daily for gel lysis. Radioactivity in solution
from enzymatically degraded collagen was de-
termined after various periods of incubation by
centrifuging the culture chamber contents at
50,000 x g for 30 minutes at 26° and counting an
aliquot of supernatant in Bray's solution (9) con-
taining 4.0% Cab-0-Sil (10). All results were com-
pared to gel blanks without tissue as well as to
similar gel blanks incubated with 0.01% trypsin
for the same incubation time periods. Since native
reconstituted collagen is not significantly degraded
by trypsin, this latter control was always used to
be certain that no appreciable amount of de-
natured collagen was present.
Seporotion of Epidermis
Uniform sheets of normal human skin, 0.5 mm
in thickness, were obtained with a Castrovejo
kcratotome as described by Blank at at. (10) and
cut into pieces approximately 3 x 3 mm in area.
Six to eight pieces of tissue were incubated at 37°
for 30—40 minutes in 10 ml of a solution containing
0.5—0.7 mg of elastase per ml (2 times crystallized,
Worthington Biochemical Corp.) in sterile Dul-
becco's modified Eagle's medium (7, 12). The
tissue was then washed in two changes of culture
medium and the epidermis separated cleanly from
the dermis under a dissecting microscope using
watchmaker's forceps. The sheets of epitbelium
were washed three times in culture medium to
remove any connective tissue cells which may have
contaminated the epithelium during the removal
of the dermis. The isolated dermis was handled in
an identical fashion. Ristological examination by
light microscopy of isolated tissue elements con-
firmed the completeness of separation.
It has previously been shown (5) that culturing
normal human skin in enriched synthetic medium
results in the diffusion into the culture medium
of a specific collagenolytic enzyme. This method
was used to assess the effect of puromycin on en-
zyme production. Explants of living human skin
approximately 4 mm in size were placed in 3.0
ml Dulbecco's modified Eagle's medium containing
puromycin in concentrations ranging from 10-100
gg per ml and cultured in disposable plastic flasks
(Falcon plastics) at 37° in an atmosphere of 95%
0-5% CO2. Paired cultures without puromycin,
were used as controls. The culture medium was
routinely changed at 24 hour intervals and as-
sayed for collagenolytic activity by an in vitro
assay method which depends on the release of
soluble '°C-glycine-containing peptides from native,
reconstituted guinea pig skin collagen fibrils (1, 2,
5). The possibility of a direct effect of the anti-
biotic on human skin collagenase was investigated
by assaying this enzyme in the presence of 100 ig
of puromycin per ml.
The inhibition of protein synthesis in normal
human skin by various concentrations of puromy-
cm was estimated by incubating skin slices in
culture medium containing from 10 to 200 gg per
ml of puromycin for 30 minutes. At the end of this
time period 1.0 pc of proline-TJ-'4C was added to
each flask and the samples were incubated for an
additional 60 minutes. Following incubation the
tissues were washed several times in ice cold water,
frozen in liquid nitrogen, pulverized and ho-
mogenized in 10% trichloracetic acid containing 1.0
mg of proline per ml. The tricbloracetic acid
precipitable protein was hydrolyzed in 6 N HC1
for 14 hours at 120°C, evaporated to dryness, rc-
dissolved in 0.5 ml of water and an aliquot counted
in Bray's solution (9) in a liquid scintillation
spectrometer.
In experiments to determine whether or not
the collagenolytic enzyme is stored in tissue in an
active form, the tissues were frozen and thawed
4—6 times in liquid nitrogen prior to culture on
collagen gels.
RESULTS
Distribution of Cotta gena.se in Normal Skin
Normal human skin, from subjects aged
10—70 years, cultured on native reconstituted
collagen gels, clearly demonstrates the presence
of collagenolytie activity (Table I). It is also
apparent from Table I that a regional differ-
ence in enzyme activity exists, with skin from
the scalp having a greater activity than skin
from other body areas. No difference was de-
tected between skin from the trunk and that
from the extremities nor did the age of the
subjects influence total eollagenolytic activity.
S,\Then the extent of substrate lysis is com-
pared to the weight of tissue explants applied
to the collagen gel, the °'C-epm solubilized are
almost directly proportional to the weight of
the explants in the range of approximately 3—
16 mg (Table III). By expressing the data as
14C-epm solubilized per mg of tissue cultured,
the difference between body areas is magnified,
with the scalp having a specific activity greater
than four-fold that of normal body skin (Table
I).
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TABLE I
Collagenolytir activity of normal human skin measured by release of 4C from collagen gels
Site No. of subjects No. of cUltures* above blankMean % lysis Range released per me tisuse)tSperifir artivity (rpm
Trunk and extremities
Scalp
Trypsin (0.01%)
15
3
54
9
14
21.1
51.0
6.6
3.8—41.3
44.5—61.2
3.7—8.4
99.1 32.1
471.1 + 145.2
* The epm of the '4C-collagen substrate gels ranged from 2050 to 11,005.
t Since the collagen gels nsed contained a variable amount of radioactivity bnt a constant concen-
tration of collagen all were normalized to a substrate gel containing 5000 epm of '4C-collagen fibrils.
TABLE II
Relation between weight of normal human skin and
degradation of i4C collagen
Mean
Number of
rultures*
Mean
weigbt of
tissue
(me)
Range (me)
rpm
solu
bilizd
above
blank
Range rpm
solubilized
above blank
4 2.8 2.7—3.0 740 706—813
3 5.7 5.5—5.9 998 908—1087
4 7.8 7.5—8.1 1138 1103—1173
4 11.0 10.8—11.2 1194 1184—1204
4 11.7 11.5—11.9 1309 1257—1361
4 15.5 15.3—15.8 1932 1691—2153
4 Trypsin — — 373 362—383
(0.01%)
* Collagen contained 9100 epm per substrate
gel. Tissues cultnred in Leighton tubes and
incubated at 375C for 42 hours.
When human skin is cultured under the
present experimental conditions, an occasional
culture shows activity no higher than that of
the trypsin blank. This is indicated by the wide
range of enzyme activity (Table I). When
tissue explants from such cultures are ex-
amined histologically, practically all epidermal
cell nuclei are pyknotic, perinuclear vacuoliza-
tion is present, and there is a loss of normal
cytoplasmie basophilia, suggesting that cell
death has occurred. Tissue obtained from the
same biopsy specimen, cultured for the same
interval of time but removed after visible gel
lvsis has occurred, appears normolly by his-
tological criteria. It appears then, that to
demonstrate eollagenolytie activity, skin ex-
plants must remain viable in culture.
Source of Skin Collagena.se
Quantitative measurements of eollagenolytie
activity of isolated epidermis and dermis cul-
tured separately on collagen gels demonstrate
that the major site of eollagenase production in
normal human skin is the npper portion of the
dermis (Table III). When tissue is obtained
with the Castrovejo keratotome, eollagenolytie
activity can be localized to approximately the
upper 0.4 mm of dermis and this portion of
dermis is frequently as active as the whole tis-
sue. In specimens obtained by punch biopsy
collagenolytic activity could not be demon-
strated in the dermis at a level of approxi-
mately 1 to 4 mm below the epidermis, or in
the subcutaneous tissue (Table III).
Careful histological examination of the
elastase separated dermis revealed that separa-
tion from the epidermis was complete. No
epitbelial cells remained attached to the dermis
and the presence of hair follicle epithelium
within the dermis of body skin was infrequently
observed.
In the scalp, collagenolytie activity can be
demonstrated in the dermis down to a level ap-
proximately 3 mm beneath the epidermis but
diminishes markedly at greater deptbs (Table
III). This differs from body skin dermis in
which no enzyme activity is found at this level
of the dermis. As with body skin, the upper
portion of scalp dermis is as active as the whole
tissue. The collagenolytie activity in scalp
epidermis could not be adequately examined
since the high density of hair follicles in the
scalp made it impossible to effect a clean
separation of the epidermis with elastase.
Unlike tadpole epithelium (7) normal human
skin epidermis does not appear to be actively
engaged in eollagenase synthesis (Table III).
To determine whether this was due to the
elastase method of separating epidermis, sheets
of epidermis, 0.1 mm in thickness were pre-
pared with the Castrovejo keratotome. Histo-
logical examination of serial sections of this
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TABLE III
Collagenolyiic activily measured by release of HC from. collagen gels
Tissue Number of culturesa Cpm above blank % lysis above blank
Experiment lb
Whole Skin
Epidermis
Upper Dermis
Lower Dermis
Trypsin (0.01%)
5
4
3
3
2
1980 252.1
299 229.7
2112 159.1
112 7.5
378
32.3 9.1
4.9 7.0
34.4 2.6
1,8 0.02
6.2
Experiment 2°
Whole Skin
Epidermis
Upper Dermis
Lower Dermis
Trypsin (0.01%)
4
6
4
4
2
2464 205.2
108 5.6
2308 179.2
221 135.5
442
37.1 3.1
1.7 0.04
34.7 9.8
3.3 2.0
6.7
Experiment 3i
Epidermis
Trypsin
9
2
402 189.1
315
9.1 3.6
7.1
Experiment 4e
Whole Scalp Skin
Dermis (1)
Dermis (2)
Dermis (3)
Trypsin (0.01%)
3
3
2
2
2
2727 27.0
2145 10.9
612 3.0
359 35.2
378
44.5 0.02
35.0 5.9
10.0 0.01
6.4 0.19
6.2
a 'C..co1lagen used in experiments 1 and 4 contained 6134 cpm per substrate gel, in experiment 2, 6650
cpm and in experiment 3, 4416 cpm. Tissues were cultured in Leighton tubes and incubated at 37°C for
96 hours in all experiments.
In these experiments upper dermis refers to approximately the upper 0.4 mm of dermis. Lower
dermis refers to the dermis at a level of approximately 1—4 mm below the epidermis.
' Sheets of epidermis, approximately 0.1 mm in thickness, were obtained by means of a Castrovejo
keratotome. In experiments 1 and 2 epidermis was obtained by the elastase method (see text for details).
a Whole scalp skin contains epidermis and the upper 1.0mm of dermis. Dermis (1) refers to that por-
tion of scalp dermis 1.0—3.0 mm beneath the epidermis. Dermis (2) refers to scalp dermis 3.0—5.0 mm
beneath the epidermis. Dermis (3) refers to dermis 5.0—6.0mm beneath the epidermis and contains sub-
cutaneous fatty tissue as well.
tissue indicated that contamination of the
epidermis with dermis represented less than five
per cent of the specimen. When cultured on
collagen gel substrates this epidermis showed
minimal but definite evidence of collagenase
activity (Table III) with a range of gel lysis
from 4.1 to 14.4 per cent. When these 0.1 mm
thicknesses of epidermis were first incubated in
elastase and then cultured on collagen gels,
they showed a range of enzyme activity similar
to the control, non-elastase treated epidermis,
suggesting that elastase alone is not responsible
for the low level of collagenolytic activity of
epidermis. The contamination by small amounts
of dermis in the epidermal sheets obtained by
this method may account for some but perhaps
not all the collagenolytic activity detected in
these specimens.
Effect of Freeze-Thawing and Purornycin
Repeatedly freezing and thawing whole skin
prior to culture completely blocks the appear-
ance of collagenase activity, suggesting that the
enzyme is synthesized de novo. To test this
further, the effect of puromycin (which inhibits
protein synthesis by blocking the transfer of
mino acids from transfer RNA to the peptide
ham (13)) on collagenase synthesis was in-
restigated. The influence of puromycin on gen-
eral protein synthesis in whole skin was as-
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TABLE IV
Effect of puromycin on the incorporation of
proline-U-'4C into human skin
Experiment pg/mipuromycin
cpm/mg
tissue, wet weight % inhibition
Control 0 288.7 —
1 10 177.5 38.5
2 25 62.9 78.2
3 50 23.2 92.0
4 100 11.4 96.0
5 150 12.3 95.7
6 200 10.4 96.4
TABLE V
Effect of puromycin on collayenase production by
cultured normal human skin*
Tissue
Incuba-
tion
time
(hours)
Puro-
myrin
100
pg/mi
% lysis
above
biankt
%inbibi-
tion
Whole skin 36 None 96.9 96.0
Whole skin 36 + 3.9
Whole skin 72 None 95.1 94.6
Whole skin 72 + 5.1
Whole skin 96 None 98.8 95.7
Whole skin 96 + 4.3
Upper dermis 96 None 45.4
Upper dermis 96 + 4.7 89.8
Trypsin (0.01%) — None 4.4
* In each experiment media from 4 plastic cul-
ture flasks was pooled, dialyzed and lyophilized.
For use, the lyophilized enzyme powder was
redissolved in 0.05 M Tris-IICI (pH 7.5), contain-
ing 0.005 M CaC12
t Collagenolytic activity was determined in a
reaction mixture containing 50 pl of 0.02% '4C-
labeled collagen that had been allowed to gel for
for 14 hours at 37°C in a 1.0 ml plastic centrifuge
tube; SOpl of 0.05 M Tris-HCI (pH 7.5), contain-
ing 0.005 M CaCla and 50 pl of enzyme solution
(approximately 100 g protein for whole skin and
60 pg protein for upper dermis). After incubation
for 14 hours at 37°C the reaction was inhibited
with EDTA at a final concentration of 0.01 M and
the tubes centrifuged at 50,000 >< g at room
temperature An aliquot of the supornatant was
then counted in a liquid scintillation spec-
trometer.
sossed by measuring the uptake of 15C-proiine
into skin proteins (Table IV). In the dose
range of 100 fig/mi it produced almost complete
inhibition of protein synthesis. When puromy-
cm at a level of 100 fig/mI was incorporated
into the culture medium, inhibition of colla-
genase activity was virtually complete over the
5 day culture period (Table V). Levels of puro-
mycin below 100 fig/mi (ranging from 5 to 25
fig/mi) were capable of partially inhibiting col-
lagenase activity, but not as effectively as the
higher doses. The skin explants appeared nor-
mal histologically after exposure to puromyein
for approximately 72 hr indicating that cell
death due to the antibiotic was not a factor in
the inhibition of enzyme production. The anti-
biotic had no effect on the activity of the
isolated crude enzyme.
The effect of puromycin on the production of
coilagenase by the isolated upper, approxi-
mately 0.4 nun of dermis, was similar to its
inhibitory action on enzyme synthesis by whole
skin (Table V). The inhibition of collagenase
synthesis in human dermis by puromycin in-
dicates that active protein synthesis by cells in
the dermis is required for collagenase produc-
tion and that little or no enzyme is stored in
the tissue.
DISCD55ION
The primary site of collagenase synthesis in
normal human body skin has been localized to
the upper or papillary dermis and is virtually
absent in the mid- and lower dermis. The su-
perficial or papillary layer of the dermis, which
is particularly well developed in the skin of
man, is in intimate contact with the surface
epithelium. It differs histologically from the
lower dermis by possessing a more delicate and
loosely organized collagenous, retieulin and
elastic fiber network, numerous superficial cap-
illaries and an abundant ground substance. It
is also more cellular and has different staining
properties than the lower dermis (14). The sig-
nificance of these differences and their relation
to collagenase production is not clear but the
possibility exists that the papillary dermis, at
least in man, may behave as a functionally
different unit than lower regions of the dermis.
Whether these differences are in some way in-
fluenced by the overlying epidermis is un-
known.
In the scalp, enzyme activity is found not
only in the upper dermis but extends into the
mid-portion of the dermis as well. The in-
creased proportion of dermis involved in colla-
genase production in scalp skin may account
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for its enhanced enzyme activity. It is conceiva-
ble, however, that this increased enzyme activ-
ity is related to an as yet undefined interaction
between hair follicle epithelium and cells of the
adjacent mid-dermis or to the fact that the
dermis around these skin appendages more
closely resembles papillary dermis (14).
The presence of collagenolytic activity in the
dermis of human skin presents a marked con-
trast to the amphibian. In the Anuran tadpole,
the epidermis produces a diffusable collageno-
lytic enzyme while the dermal mesenchyme
completely lacks such enzyme activity (7). In
common with the tadpole, however, human
skin collagenolytic activity is blocked by puro-
mycin and freeze-thawing. Inhibition of human
skin collagenase by puromycin occurs in both
whole skin and isolated dermis, indicating that
there is little or no storage of active enzyme in
the tissue and that de novo synthesis of cohn-
genase occurs during the time of culture. It is
possible, however, that this enzyme is present
intracellularly in an inactive form and its
activation occurs by some mechanism requiring
protein synthesis. Since freeze-thawing com-
pletely blocks the appearance of human skin
collagenase and since the enzyme operates
maximally at neutral pH (5) it appears un-
likely that the skin enzyme is lysosomal in
origin. The collagenase present in leukocyte
granules, however, differs from human skin
collagenase in that it appears to be a lyso-
somal enzyme (6).
These studies indicate that normal human
epidermis plays only a minor role in collagenase
production. Enzyme synthesis in epidermis
occurs at a rate much less than that of the
dermis and is difficult to demonstrate by
present methods. In normal skin the papillary
dermis and not the epidermis appears to be
primarily responsible for the formation of a
collagenolytic enzyme. The possibility exists,
however, that human epidermis may have the
potential to actively synthesize eollagcnase.
Under normal condit.ions, however, the syn-
thetic rate is either greatly reduced or perhaps
repressed. That this may indeed be the case is
suggested by the studies of Grillo and Gross
(15) who demonstrated cohlagenolytic activity
in both the epidermis and underlying mesen-
chyme from cutaneous wound margins in the
guinea pig. Table VI indicates that this is also
true for human skin wounds. Both cleanly
TABLE VI
Collagertolytic activity of 10-day human wound
edge tissue measured by release of 14C
from collagen gels
Tissue
No.of
tures°
Mean
% lysis
above
blank
Range
Specific
activity(mean
cprn
released
per mg
tissue)
Whole wound 3 67.0 51.0—76.8 291.3
edge
Wound edge epi- 3 41.4 33.0—49.9
dermis
Wound edge der- 3 33.1 31.8—35.1
mis
Trypsin (0.01%) 1
I
6.0
I
separated marginal epithelium and the under-
lying papillary dermis from a ten day old
wound are capable of significant collagenolytic
activity with the wound edge epidermis dem-
onstrating even greater activity than the wound
edge dermis. The epidermis from the margin of
the wound edge differs from normal epider-
mis in that it contains migrating and prolif-
erating epithelial cells. The presence of an
epithelium which is perhaps less highly differ-
entiated than normal epidermis may be related
to its ability to synthesize collagenase. Colla-
genolytic activity in the whole wound margin
is also significantly increased above normal
levels.
These findings confirm the observations made
by Grihlo and Gross (15) for guinea pig skin
wounds and by Grillo et at. (16) in human
skin wounds and suggest that under certain
conditions in human skin, such as wound heal-
ing, interactions between epithelium and mesen-
chyme, in which both tissues carry out a similar
function, may have an important role in con-
nective tissue remodeling.
* Tissues cultured in Leighton tubes at 37°C
tor 92 hours. 4601 cpm per substrate gel.
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